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COMPARISON  OF  WALL-FIRE  BEHAVIOR  WITH  AND  WITHOUT  A CEILING 

H.E.  Miller  and  K.D.  Sleekier 
Building  and  Fire  Research  Laboratory 
October,  1993 


ABSTRACT 


This  paper  demonslrales  lhal  Ihe  eflfecls  of  Ihe  ceiling  on  ihe  progress  of  a wall  fire  are  quite 
significanl,  and  lhal  a projecl  to  quantify  and  model  Ihe  effecls  of  a ceiling  on  Ihe  progress  of 
a wall  fire  is  indeed  needed.  Experimenlal  resulls  from  Ihe  open  literalure,  as  well  as 
previously-unpublished  experimenlal  resulls  oblained  al  NIST,  are  used.  The  wall-fire  model 
SPREAD  and  Ihe  room-fire  model  FIRST  are  used  seriatim  to  show  lhal  some  of  Ihese  effecls 
can  now  be  calculaled. 


Key  words:  ceiling  fires,  fire  research,  radiation  feedback,  spread  rates,  wall  fires. 


1.  INTRODUCTION 

The  objective  of  Ihis  work  is  to  develop  an  underslanding  of  Ihe  effecls  of  a ceiling  on  Ihe 
evolution  of  a wall  fire,  and  on  Ihe  subsequenl  spread  of  Ihe  fire  across  Ihe  ceiling.  The  inlenl 
is  to  produce  an  algorilhm  suilable  for  inclusion  into  computer  fire  models,  particularly 
HAZARD  (Peacock  and  Bukowski  1990;  Peacock  et  al  1991).  We  initially  focus  on  fires  on 
fial  walls  (ralher  lhan  comer  fires),  in  rooms  wilh  unobslructed  ceilings. 
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A number  of  wall-fire  models  exist  (see,  for  example,  Mitler  and  Steckler  1993),  but  they  do 
not  consider  the  presence  of  a ceiling.  On  the  other  hand,  as  we  shall  show,  the  presence  of  a 
ceiling  will  at  times  strongly  affect  how  a wall  fire  bums  and  spreads,  especially  in  the  late 
stages  of  the  fire. 

This  report  reviews  published  information  and  presents  heretofore  unpublished  data  that 
demonstrate  the  effects  and  significance  of  the  presence  of  a ceiling  on  fire  growth.  It  also 
identifies  areas  where  additional  information  is  needed  to  develop  algorithms  which  predict  these 
fire  behaviors.  There  is,  surprisingly,  relatively  little  data  directly  bearing  on  the  effects  of 
ceilings  on  fire  spread.  We  have  collected  as  much  as  is  readily  available  in  English,  and 
discuss  it  in  the  next  section. 


2.  EXPERIMENTAL  DATA 
2.1  Flame  Structure 

Williamson  et  al  (1984)  looked  at  full-scale  comer-fire  flame  morphologies  and  concluded  that 
some  important  features  are  rooted  in  turbulence  conditions.  They  observed  that  as  flames 
extended  to  (or  spread  up  to)  a ceiling  from  a comer  fire,  a characteristic  "T"  pattern  was 
produced  by  arms,  or  extensions,  running  along  the  intersection  of  the  wall(s)  and  ceiling. 
These  horizontal  flame  extensions  were  observed  to  have  a distinct  spiral  stmcture.  Williamson 
suggested  that  these  spiral  horizontal  extensions  are  due  to  vortices  formed  at  the  intersection 
of  the  walls  and  ceilings. 

This  was  observed  when  the  linings  were  combustible  as  well  as  during  calibration  experiments 
with  inert  linings.  They  believe  these  vortex  stmctures  are  formed  on  one  wall  and  then 
captured  by  the  flow  on  the  other  wall  (the  other  arm  of  the  "T")  and  swept  across  the  ceiling. 
Other  cited  possibilities  are  that  the  detached  vortices 

"are  a result  of  either  or  both  of  the  following  mechanisms:  vortex-line-tuming  at  the 
wall-ceiling  junctures  due  to  spatial  variations  in  the  flow  field,  or  the  boundary  layer 
breakdown  away  from  the  junction,  and  the  resulting  formation  of  streamwise  vortices". 

Williamson  hypothesized  that  these  detached  vortex  flame  structures  may  be  a significant 
mechanism  for  flame  exposure  to  the  central  area  of  the  ceiling. 

Since  the  "T"  pattern  occurred  for  inert  as  well  as  for  flammable  ceilings,  this  implies  that  it  is 
a fluid-mechanical  (in  contrast  to  combustion)  aspect  of  the  phenomenon.  Satoh  (1989) 
performed  3-dimensional  numerical  fluid-dynamic  calculations  to  predict  the  thermal  convection 
of  ceiling  jets  in  geometries  similar  to  the  calibration  experiments.  In  these  calculations,  the  gas 
flow  was  driven  by  a volumetric  heat  source  located  in  or  near  the  comer  and  near  the  floor. 
The  results  in  terms  of  isotherms,  isobars,  and  velocity  vectors  all  exhibited  the  characteristic 
”T"  pattern  when  there  was  a substantial  gap  between  the  comer  heat  source  and  the  wall. 
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When  the  gap  was  small  or  non-existent,  the  "T"  pattern  disappeared  and  was  replaced  by  a 
circular  ceiling  jet. 

The  "T"  pattern  also  occurs  during  fire  growth  on  a fiat  wall.  Quintiere  (1989)  shows  this 
pattern  in  photographs  of  a full-scale  room-fire  test  in  which  a line-burner  on  the  fioor  ignited 
the  central  section  of  a PMMA-lined  wall  beneath  a non-combustible  ceiling. 

The  extensions  are  a major  factor  in  rapidly  spreading  the  fire  to  large  areas  of  combustible  wall 
linings  near  the  ceiling.  Indeed,  these  wall  areas  can  supply  enough  energy  to  the  upper  layer 
so  that  fiashover  can  occur  without  additional  fiamespread  on  the  ceiling  or  lower  sections  of 
the  walls.  For  this  reason,  it  is  important  to  account  for  the  "T"  pattern  phenomenon  in  room- 
fire  models.  As  mentioned  above,  this  has  been  done  theoretically  for  comer  fires;  it  must  also 
be  done  for  fiat- wall  fires. 


2.2  Fires  Beneath  an  Inert  Ceiling 

We  first  outline  some  of  the  physics  involved  when  fiames  impinge  on  the  ceiling.  Briefiy,  the 
effects  are  as  follows:  In  a 1969  paper  on  the  effects  of  fiammable  linings  on  fire  spread, 
Thomas  (1969)  pointed  out  that  the  role  of  a ceiling  in  fire  spread  is  threefold:  1)  it  defiects  the 
flame  and  hot  gas  in  directions  that  usually  enhance  the  energy  feedback  to  the  burning  object 
and  to  other  combustibles,  2)  its  thermal  insulation  can  cause  higher  upper-layer  gas  and  ceiling 
surface  temperatures  and  attendant  thermal  radiation  to  other  combustibles  sooner,  and  3)  its  own 
combustibility  spreads  the  fire.  Thomas  used  the  work  of  Hinkley  et  al  (1968,  1969)  -- 
apparently  the  most  relevant  and  comprehensive  studies  available  in  1969  — to  quantify  these 
effects.*  Since  then,  a few  other  studies  have  produced  data  that  to  some  extent  demonstrate 
the  effect  of  the  ceiling  on  fire  growth  and/or  provide  information  needed  to  model  the  ceiling 
fire. 


2.2.1  Effects  of  inert  ceiling  on  pyrolysis  rate  of  fixed  area  fire 

2.2. 1.1  FMRC  PMMA  pool  fire  experiment 

Friedman  (1975)  reported  on  an  experiment  carried  out  at  FMRC  by  R.  Alpert.  They  compared 
mass-loss  rate  results  of  a PMMA  slab  (0.76  m square)  burning  in  the  open  with  those  of  an 
identical  slab  burning  in  a steel  enclosure,  0.61  m x 0.91  m x 0.61  m high,  with  the  end  "walls" 
missing.  Flames  were  observed  to  emerge  from  the  open  ends  during  the  enclosure  test.  The 
maximum  burning  rate  for  PMMA  in  the  enclosure  was  three  times  that  measured  in  the  open 
bum.  This  was  presumed  to  be  due  to  increased  radiative  feedback  due  to  flame  deflection  by 
the  ceiling,  heating  of  the  ceiling,  and  the  possible  formation  of  a shallow  hot  gas  layer  within 
the  enclosure. 


* Even  though  their  work  was  published  in  1984,  the  unpublished  reports  on  which  it  was  based 
appeared  in  1968  and  1969. 
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2.2. 1.2  British  work 


Hinkley  et  al  (1984)  considered  flames  spreading  under  a corridor  ceiling.  They  showed  that 
the  ceiling  flames’  radiation  to  various  targets  in  the  room,  such  as  the  floor  and  the  walls,  is 
considerably  greater  than  from  the  vertical  flames  on  the  wall,  even  for  non-combustible 
ceilings.  The  effects  can  be  sufficient  to  produce  flashover  in  an  enclosure,  where  there  would 
be  none  if  there  were  no  ceiling  yet  the  walls  were  high  enough  to  produce  the  same  length  of 
vertical  flame. 


2 . 2 . 1 . 3 FMRC  wall/ceiling-channel  experiments 

Alpert  et  al  conducted  a series  of  experiments  designed  to  study  fire  growth  along  the 

ceiling  of  an  aircraft  fuselage.  The  long  ceiling  channel  formed  by  the  aircraft’s  ceiling  and 
walls  was  simulated  with  a 2.4  m x 0.46  m x 0.23  m (deep)  test  channel.  The  geometry  is 
essentially  the  same  as  for  the  British  work.  The  side  walls  of  the  test  channel  were  made  of 
inert  ceramic  board,  while  the  replaceable  ceiling  was  either  ceramic  board  or  aircraft  material. 
At  one  end  of  the  channel  was  a wall  consisting  of  a 0.305  m x 0.9  m high  PMMA  panel 
separated  from  the  ceiling  by  a 0.32  m high  ceramic-board  panel.  The  other  end  was  open.  At 
the  start  of  each  experiment,  the  PMMA  panel  was  ignited  near  its  base,  producing  flames  that 
eventually  extended  into  the  ceiling  channel.  Vertical  side  walls  attached  to  the  edges  of  the 
PMM A/inert  wall  insured  that  all  of  the  fire  effluent  was  directed  into  the  channel.  These  side 
walls  were  inert  and  76  mm  deep.  They  also  served  to  make  the  experiments  approximately 
two-dimensional  (that  is,  independent  of  the  y coordinate,  defined  by  the  intersection  of  the  wall 
and  ceiling).  Figures  1 and  2 from  that  report,  showing  the  experimental  arrangement,  are 
reproduced  here  (with  the  permission  of  FMRC). 

Time-averaged  mass-loss  rates  per  unit  area  along  the  vertical  centerline  0.23  m and  0.69  m 
above  the  base  of  the  PMMA  panel  were  determined  for  an  experiment  in  which  an  inert  ceiling 
was  in  place.  These  rates  were  23%  and  44%  higher,  respectively,  than  rates  measured  at  the 
same  elevations  on  a PMMA  panel  burning  in  the  open. 

Alpert  et  al  (1981)  checked  the  consistency  of  these  mass-loss-rate  enhancements  with  the 
attendant  measured  steady-state  temperatures  and  depths  of  the  hot-gas  layer  in  the  channel  using 
a model  for  radiant  heat  flux  from  a ceiling  layer  with  temperatures  and  absorption  coefficients 
which  are  nonuniform  in  any  of  the  three  dimensions.  The  calculated  enhancements  in  mass-loss 
rates  at  the  0.23  m and  0.69  m elevations  were  31%  and  62%,  respectively,  somewhat  higher 
than  the  23%  and  44%  found  experimentally.  The  difference  is  attributed  to  the  fact  that  the 
experimental  values  represent  time-averages  over  the  entire  fire-growth  period  rather  than  at 
steady-state  conditions. 

Although  they  did  not  make  comparison  measurements  (ceiling  versus  no  ceiling)  for  the  fluxes 
or  their  effects  on  the  floor,  the  increased  flux  which  was  calculated  to  have  been  received  by 
the  wall  is  qualitatively  consistent  with  both  a greater  rate  of  heat  release  from  the  wall,  and  a 
higher  upward  spread  rate. 
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2.2. 1.4  NIST  reduced-scale  wall-fire  experiments 

In  this  subsection,  we  report  on  heretofore  unpublished  work  done  at  NIST.  Three  experiments 
from  a series  reported  in  part  by  Steckler  and  Mitler  (1988)  show  the  effect  of  a non-combustible 
ceiling  on  the  pyrolysis  rate  of  a fully-ignited  PMMA  wall  segment  in  a reduced-scale 
compartment.  Since  the  series  was  designed  to  study  the  pyrolysis  process,  heat  fluxes  at 
locations  near  the  burning  wall  were  measured,  but  flame  patterns  on  the  ceiling  were  not. 
Moreover,  although  video  recordings  are  available,  the  viewing  angle  precludes  meaningful 
measure  of  the  flame  extension  beneath  the  ceiling.  Consequently,  these  experiments 
demonstrate  the  quantitative  effect  of  a ceiling  on  the  burning  rate  of  a fully-ignited  wall  panel, 
but  are  deficient  in  information  needed  to  model  the  flame  extension  beneath  the  ceiling. 

The  experimental  arrangement  is  shown  in  Fig.  3.  The  dimensions  of  the  PMMA  panel  were 
0.18  X 0.72  X 0.025  m.  The  remaining  surfaces  of  the  compartment  were  non-combustible 
0.019  m calcium  silicate  board. 

A natural-gas  line  burner  located  at  the  base  of  the  PMMA  panel  was  used  to  ignite  the  surface 
of  the  panel.  Operating  at  a steady  6 kW,  the  burner  produced  a flame  sheet  that  covered 
approximately  60  percent  of  the  height  of  the  panel.  The  burner  was  operated  at  this  level  for 
450  seconds,  and  was  then  turned  off.  In  most  experiments,  the  entire  surface  of  the  panel  was 
burning  within  this  period.  The  experiment  proceeded  until  the  softened  sample  curled  away 
from  the  steel  support  to  which  it  was  bolted,  and  (eventually)  fell  to  the  floor. 

Measurements  included  the  mass  of  the  PMMA  panel,  radiant  flux  to  ellipsoidal  radiometers 
mounted  flush  on  the  rear  wall  at  two  levels,  and  total  heat  flux  to  a Gardon  gauge  mounted 
flush  at  the  center  of  the  floor. 

The  relevant  test  conflgurations  were: 

#1 open  front  with  sofllt  (Fig.  3). 

#2 open  front  without  soffit. 

#3 open  front  without  soffit  and  without  ceiling. 

Conflguration  #3  is  equivalent  to  a "free  bum"**  (no  ceiling  effect),  #2  represents  a ceiling 
jet  (flame  and  hot  gases)  without  an  additional  (relatively  quiescent)  ceiling  hot  gas  layer,  and 
#1  represents  a ceiling  jet  within  a hot  gas  layer. 

Mass-loss  rates  for  the  three  conflgurations  are  presented  in  Fig.  4.  These  rates  are  the  slopes 
of  a "running"  9-point  linear  least-squares  fit  to  the  mass-versus-time  data  recorded  during  the 


**  A free-bum  experiment  conducted  with  only  the  compartment’s  floor  and  back  wall  in  place 
produced  results  within  the  experimental  error  of  those  found  for  conflguration  #3.  The  latter 
results  were  chosen  for  the  current  comparisons  because  the  sample  remained  in  its  holder 
approximately  120  seconds  longer  than  during  the  free-bum  experiment. 
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experiments.  Further  smoothing  using  a 20-point  running  average  yielded  Fig.  5 which  clearly 
shows  the  effects  of  the  ceiling  jet  and  hot  gas  layer***. 

The  effects  of  the  ceiling  jet  and  layer  on  radiative  heat  fluxes  at  two  levels  on  the  back  wall  are 
shown  in  Figs.  6 and  7.  Total  heat  fluxes  measured  at  the  center  of  the  floor  are  presented  in 
Fig.  8.  Note  that  in  the  latter  flgure  a level  of  20  kW/m^  — a level  sometimes  associated  with 
flashover  (Waterman  1968)  — was  achieved  at  the  center  of  the  floor  when  the  ceiling  jet/layer 
was  allowed  to  form. 

The  experimental  mass-loss  rates  and  radiative  fluxes  to  the  rear  wall  afford  an  opportunity  to 
assess  the  consistency  of  these  data.  If  at  a given  time  the  average  of  the  fluxes  at  the  two  levels 
on  the  rear  wall  is  taken  as  representative  of  the  average  external  radiative  flux  absorbed  over 
the  surface  of  the  PMMA  panel,  the  effect  of  radiation  enhancement  on  mass-loss  rate  can  be 
estimated  using  the  equation 

m"(t)  = 0.5  [Aq,"(t)  + Aqi"(t)]  AJK  + %”(t)  (1) 

where 

m"(t)  is  the  mass-loss  rate  of  the  burning  PMMA  panel  in  the  presence  of  external 
radiation, 

Aqy"(t)  is  the  difference  between  the  radiant  fluxes  measured  at  the  upper  level  during 
the  free-bum  and  ceiling-jet/layer  experiments, 

Aqi"(t)  is  the  difference  between  the  radiant  fluxes  measured  at  the  lower  level  during 
the  free-bum  and  ceiling-jet/layer  experiments, 

Ag  is  the  area  of  the  sample, 

is  the  effective  heat  of  vaporization  of  PMMA,  1.62  kJ/kg  (Tewarson  and  Pion 
1976),  and 

mf|,”(t)  is  the  mass-loss  rate  during  the  free  bum  (configuration  #3). 

These  calculations  were  made  and  the  results  are  compared  with  the  experimental  results  in 
Fig.  9.  As  can  be  seen,  the  calculated  values  appear  to  match  the  experimental  values  very  well. 
For  most  points,  the  calculated  points  lie  on  or  very  near  the  appropriate  curves;  the  points  at 
t = 1080  s and  t = 1200  s deviate  somewhat,  but  we  must  take  two  facts  into  account:  first, 
there  are  random  errors  made  in  the  radiation  flux  measurements  used  in  equation  (1).  Second, 
and  more  important,  we  note  that  even  after  considerable  smoothing,  the  experimental  curves 
still  display  substantial  fluctuations;  in  particular,  one  can  observe  a substantial  dip  in  the  base 
curve  (curve  #3)  at  t = 1080  s.  Therefore  the  calculated  values  are  pulled  down  by  the  same 
magnitude  as  the  dip;  that  accounts  for  most  of  the  difference,  for  the  circle  as  well  as  for  the 
triangle.  Since  collapse  of  the  PMMA  samples  ended  each  test  before  bumthrough  occurred, 
it  is  not  known  whether  the  relative  effects  of  the  jet  and  jet/layer  might  have  changed  at  times 
beyond  that  point,  although  it  is  highly  unlikely  that  they  would. 


***  As  a point  of  reference,  during  the  reduced-scale  compartment  experiments  a maximum 
mass  loss-rate  of  about  5 g/s  was  measured  at  approximately  1400  seconds  when  the  width  of 
the  opening,  W^,  (Fig.  3),  was  in  the  range  0.18  to  0.33  m (Steckler  and  Mitler  1988). 
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These  experiments  with  a fully-ignited  slab  showed  that  the  presence  of  a ceiling  made  a large 
difference  in  the  burning  rate  of  the  "wall"  (that  is,  the  PMMA  sample  mounted  on  the  wall). 


2.2.2  Effects  of  inert  ceiling  on  spread  rate  of  fire 

Alpert  et  al  (1981)  reported  an  increase  in  the  growth  rate  of  a PMMA  wall  fire  due  to  the 
presence  of  an  inert  ceiling.  The  experimental  arrangement  was  the  wall/ceiling  channel 
described  above.  The  exponential  growth  factor,  which  is  the  ratio  of  the  speed  of  the  pyrolysis 
front,  dXp/dt,  to  its  coordinate,  Xp,  increased  from  0.0024  s’^  during  the  free  bum  to  0.0027  s'^ 
beneath  the  inert  ceiling. 


2.3  Fires  Beneath  a Combustible  Ceiling 

2.3.1  Effects  of  flammable  ceiling  on  pyrolysis  rate  of  fixed  area  fires 

Hinkley  et  al  (1984)  carried  out  experiments  with  combustible  ceilings  as  well  as  with  inert 
ones.  As  might  be  expected,  all  the  effects  which  occurred  with  inert  ceilings  also  occurred  with 
combustible  ones,  and  were,  indeed,  enhanced.  That  is,  the  longer  ceiling  flames  which 
resulted,  increased  the  view  factors  to  the  pyrolyzing  wall  and  to  the  floor,  resulting  in  a further 
increase  of  the  pyrolysis  rate  of  the  fixed  area  wall  fire,  beyond  what  the  inert  ceilings  provided. 


2.3.2  Effects  of  flammable  ceiling  on  spread  rate  of  fire 

The  ceiling  flames  obtained  by  Hinkley  et  al  with  inert  ceilings  sometimes  produced  a 
sufficiently  intense  heating  flux  at  the  floor  that  when  the  floor  was  flammable  (wood),  it  would 
ignite  the  floor,  and  that  new  fire  would  spread  along  the  floor.  When  the  ceiling  was 
combustible,  the  ceiling  flames  were  longer  and  resulted  in  an  accelerated  spread  rate  for  the 
floor  fire.  There  was  no  discussion  of  spread  rate  on  the  wall. 

Mao  and  Femandez-Pello  (1988)  performed  a series  of  wall-ceiling  channel  experiments  in  an 
apparatus  similar  to  those  discussed  above,  but  at  a smaller  scale.  One  end  of  the  152  mm  wide 
channel  was  open  and  the  other  end  was  closed  by  a vertical  wall.  The  side  walls  were  made 
of  pyrex  glass,  and  there  was  no  floor.  The  ceiling  and  end  wall  were  lined  with  12.7  mm  thick 
PMMA.  The  end  wall  was  ignited  at  its  base  and  the  spread  rate  up  the  wall  and  across  the 
ceiling  was  recorded. 

Experiments  were  carried  out  with  end  walls  having  heights  ranging  from  76  mm  to  356  mm 
and  ceiling  lengths  in  the  same  range.  Mao  observed  that  for  a PMMA  lining  the  spread  rate 
across  the  ceiling  was  affected  considerably  by  the  height  of  the  wall,  but  the  upward  spread  rate 
on  the  wall  was  "practically  independent  of  the  ceiling  length."  In  view  of  the  12.5%  increase 
in  the  growth -rate  factor  measured  by  Alpert  (sec.  2.1.2),  the  smaller-scale  work  of  Mao 
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suggests  that  scale  is  an  important  factor  in  wall-ceiling  interactions.  This  is  to  be  expected, 
since  it  is  known  that  radiation  scales  nonlinearly,  with  apparatus  size. 


2.4  Other  effects 

The  effects  of  a ceiling,  on  the  other  hand,  are  not  always  so  intuitively  clear.  Thus,  Saito 
(1993)  has  made  measurements  of  the  flame  fluxes  to  the  wall  and  of  the  resulting  wall 
temperatures  in  a comer,  as  a function  of  time,  for  comer  flres  with  and  without  ceilings.  As 
expected,  in  the  upper  region  of  the  comer  the  measured  fluxes  and  temperatures  were  greater 
when  the  ceiling  was  present.  Contrary  to  expectation,  however,  the  heating  fluxes  and  resulting 
wall  temperatures  in  the  lower  region  of  the  comer  were  reduced  by  the  introduction  of  a 
ceiling;  see  flgures  10  and  11  (reproduced  here  with  the  permission  of  Prof.  Saito).  The 
tentative  interpretation  of  this  latter  result  is  that  the  pressure  increase  due  to  the  presence  of  the 
ceiling  lowers  the  flow  velocity  in  the  comer,  which  produces  a decrease  of  the  convective 
heating  flux  which  outweighs  any  increase  in  radiative  flux  from  the  ceiling  region  to  the  lower- 
comer  region. 


3.  MODEL  PREDICTIONS 
3.1  Comer  Fires 

Cleary  and  Quintiere  (1991)  developed  an  analytical  model  which  utilizes  Are- test  data  from 
available  test  methods  such  as  the  cone  calorimeter  (Babrauskas  1984;  ASTM)  and  LIFT 
(Quintiere  and  Harkleroad,  1985)  apparatuses  to  estimate  Are  spread  over  combustible  walls, 
ceilings,  and  floors.  Ceiling  Are  spread  is  treated  as  a simple  extension  of  upward  waU  fire 
spread;  that  is,  wind-aided  wall  spread  theory  is  applied  also  to  the  combustible  ceiling.  The 
assumed  scenario  is  that  the  fire  starts  at  the  base  of  a wall  comer,  grows  upward  by  wind-aided 
flame  spread  and  laterally  by  opposed-flow  flame  spread.  When  the  pyrolysis  front  reaches  the 
ceiling,  the  (assumed  flammable)  ceiling  ignites  and  wind-aided  lateral  fire  spread  begins  along 
the  wall-ceiling  interface.  The  ceiling  spread  follows  the  wall-ceiling-interfece  spread  to  form 
a ceiling  pyrolysis  area  which  is  the  quadrant  of  a circle  with  a radius  equal  to  the  distance  from 
the  comer  to  the  wall-ceiling  interface  pyrolysis  front. 

The  model  is  exercised  with  external  flux  and  wall  surface  temperature  as  adjustable  parameters. 
These  parameters,  which  are  chosen  a priori,  are  a very  approximate  means  for  taking  into 
account  the  interactions  between  the  wall  fires,  ceiling  fires,  and  the  enclosure’s  bounding 
surfaces  and  gas  layers. 

Quintiere  (1993)  has  improved  this  model  by  coupling  it  to  a room-fire  model  which  accounts 
for  time-dependent  interactions  between  the  enclosure  and  the  heat  release  and  flame  spread 
processes.  Radiative  feedback  from  the  hot  gas  layer  is  used  to  compute  surface  temperatures 
in  front  of  the  pyrolysis  fronts.  These  temperatures  control  the  spread  rates.  The  radiative 
feedback  also  constitutes  the  external  flux  which  is  used  to  calculate  the  heat  release  rate  from 
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the  pyrolysis  area.  This  version  of  the  model  provides  for  downward  (opposed-flow)  spread 
from  the  wall-ceiling  interface,  which  is  driven  by  heat  transfer  from  the  hot  gas  layer. 

Thomas  and  Karlsson  (1991)  analyzed  experimental  data  found  in  the  literature  to  estimate  flame 
extension  along  the  wall-ceiling  intersection  due  to  a comer  Are.  They  found  a linear  correlation 
between  the  rate  of  heat  release  and  the  flame  length  along  the  wall-ceiling  intersection. 
Karlsson  (1992)  uses  this  correlation  in  his  analytical  "Model  B"  for  a comer  fire  in  a room  with 
combustible  walls  but  an  noncombustible  ceiling.  The  heat  release  rate  from  the  wall  material 
is  based  on  cone  calorimeter  data.  Specifically,  the  heat  release  rate  per  unit  area  is  idealized 
as  an  instantaneous  jump  (from  zero)  to  the  maximum  rate  measured  in  the  cone  calorimeter, 
which  then  decays  exponentially.  The  wall-ceiling  interface  spread  sub-model  in  Model  B is 
based  on  concurrent-flow  flame  spread  theory.  It  assumes  that  the  height  (or  "width",  if  that 
is  preferred)  of  the  "arms"  of  the  comer  "T  pattern"  are  fixed  at  7.5%  of  the  height  of  the  room 
until  the  horizontal  spread  in  the  arms  stops  or  reaches  an  opposite  comer.  Then  downward 
wall-fire  spread  ensues  in  accordance  with  opposed-flow  flame  spread  theory,  driven  by  the 
heating  of  the  wall  by  the  hot  gas  layer.  This  is  a reasonable  model,  though  the  (constant)  7.5% 
assumption  may  be  simplistic. 

Karlsson  (1992)  also  treats  the  case  in  which  the  walls  and  ceiling  are  combustible  (his  "Model 
A").  He  uses  the  work  of  Andersson  and  Giacomelly  (1985)  to  model  flame  area  over  a 
combustible  ceiling  as  a linear  function  of  heat  release  rate.  Spread  on  the  ceiling  is  based  on 
concurrent-flow  flame  spread  theory.  Downward  wall-fire  spread  is  not  treated  in  this  model. 


3.2  Flat- wall  fires 

SPREAD  (Mitler  and  Steckler  1993)  is  the  explicit  implementation  of  a model  which  has  been 
developed  for  predicting  the  ignition  of,  and  the  subsequent  rate  and  extent  of  fire  spread  on, 
vertical  surfaces  (generally,  flat  walls)  in  a room  using  the  fire  properties  of  the  materials 
involved.  The  principal  mode  of  spread  is  upward.  The  presence  of  a ceiling,  however,  will 
materially  affect  how  a wall  fire  bums  and  spreads,  especially  in  the  late  stages.  These  effects 
have  not  yet  been  taken  into  account,  except  in  the  following  limited  way: 

The  calculations  also  include  the  lateral  (creeping)  spread  on  the  wall.  For  the  latter 
calculations,  the  fact  that  the  room  produces  a two-layer  environment  has  been  taken  into 
account  (the  lateral  spread  rate  within  the  upper  layer  is  greater  than  in  the  lower  one).  This 
is  only  done  in  a limited  way,  however:  the  "external"  fluxes  (from  the  hot  gas  layer  and  hot 
ceiling)  must  be  specified  a priori  by  the  user.  This  is  also  true  of  the  upper  wall  temperatures 
outside  of  the  preheating  and  pyrolyzing  region. 

Embedded  in  the  overall  model  is  a general  pyrolysis  submodel,  specially  developed  for  this 
purpose,  which  treats  arbitrary  materials  (ablating,  char-forming,  composite,  etc.).  SPREAD 
also  calculates  the  regression  of  the  pyrolyzing  surface,  including  the  possible  burnout  of  the 
wall/slab  at  any  point. 
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As  noted  for  the  case  of  comer  fires,  a successful  fiat- wall  fiame  spread  model  must  take  into 
account  the  effects  of  a hot  upper  gas  layer  in  a compartment  as  well  as  the  effects  of  flame 
splashing  on  a ceiling  and  spreading.  One  would  need  to  generalize  a method  such  as  developed 
by  Quintiere  for  the  corner  fire  case,  or  generalize  SPREAD  to  include  the  ceiling  effects. 

One  can  simulate  a partial  solution  to  this  problem  by  coupling  the  output  of  a room-fire  model 
such  as  FIRST  (Mitler  and  Rockett,  1987),  with  a flat- wall  unconfined-flame  spread  model  such 
as  SPREAD.  This  provides  an  estimate  of  the  effect  of  a hot  upper  gas  layer  in  a compartment 
on  the  rate  of  heat  release  and  spread  rate  of  a burning  flat  wall.  However,  this  still  leaves  us 
without  an  estimate  of  the  effect  of  flame  splashing  against  the  ceiling. 

As  an  example  of  such  a procedure,  SPREAD  and  FIRST  were  used  to  estimate  the  impact  of 
a ceiling  on  the  rate  of  heat  release  of  a vertical  slab  of  PMMA,  of  dimensions  0.61  m x 2.44  m 
(2’  X 8’)-  Initially,  SPREAD  was  used  to  estimate  the  rate  of  heat  release  as  a function  of  time, 
for  an  unconfined  slab  of  those  dimensions,  assuming  no  external  radiation.  This  information 
was  used  as  input  data  for  FIRST.  FIRST  then  calculated  the  radiation  fluxes  to  the  walls  from 
the  hot  layer,  ceiling,  and  other  walls. 

Then  SPREAD  was  run  again,  this  time  with  these  calculated  fluxes  <t>{t)  from  the  surrounding 
environment  as  external  flux  input  data  to  SPREAD,  to  obtain  the  resulting  new  spread  rate  and 
rate  of  heat  release. 

The  results  of  such  a set  of  calculations  for  a slab  of  PMMA  are  shown  in  figure  12.  From 
curve  NC,  we  see  that  in  the  open  the  slab  ignites  at  t = 198  s,  and  the  RHR  goes  up  to  about 
355  kW  when  the  pyrolysis  front  reaches  the  top  of  the  slab  (at  t » 700  s,  as  indicated  by  the 
arrow  at  the  top  of  the  figure).  The  slight  subsequent  increase  in  the  power  output  is  due  to 
heating  up  of  the  slab  itself,  resulting  in  a slow  decrease  in  the  heat  of  gasification.  Curve  C 
shows  that  when  the  slab  is  exposed  to  the  extra  fluxes  from  the  hot  layer  and  ceiling,  it  ignites 
20  seconds  earlier.  The  pyrolysis  front  reaches  the  top  almost  three  minutes  sooner  (again 
indicated  with  an  arrow),  with  a power  output  of  about  390  kW. 

Even  with  such  a crude  procedure,  it  can  be  seen  that  the  extra  fluxes  have  a substantial 
acceleratory  effect. 


4.  CONCLUSIONS  AND  DISCUSSSION 

A ceiling  can  have  a significant  effect  on  wall-fire  behavior.  The  magnitude  of  the  effect  varies 
depending  on  the  enclosure,  geometry,  igniting  fire,  etc.;  it  is  directly  related  to  the  heating 
enhancements  caused  by  confining  the  flame  and  gases  within  the  compartment.  The  geometric 
effect  relates  to  the  ratio  of  the  ceiling  height  to  open-flame  height.  The  width  of  the  fire 
influences  the  flame  height  (for  a given  power  output)  and  magnitude  of  end  losses.  Whether 
the  fire  is  in  a comer,  against  a flat  wall,  or  somewhat  removed  from  the  walls,  has  a strong 
effect  on  flame  heights  and  extensions  and  therefore  spread  rates,  and  may  be  differently 
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influenced  by  the  presence  of  the  ceiling.  The  size  and  location  of  the  vent(s)  for  the  room  also 
strongly  influence  the  hot  layer  depth  and  therefore  the  feedback  to  the  fire. 

In  light  of  this,  it  would  be  interesting  to  generalize  SPREAD  so  as  to  take  account  of  the 
ceiling.  All  of  this  is  to  be  seen  within  the  context  that  we  are  incorporating  pyrolysis  and  flame 
spread  into  the  current  version  of  the  fire  growth  and  smoke  transport  model  (CFAST)  which 
is  used  to  model  building  fires.  The  first  extension  of  CFAST  will  be  to  include  SPREAD,  the 
simple  model  described  above,  which  does  not  yet  fully  and  dynamically  account  for  the  ceiling 
effects. 

The  proposed  work  will  be  novel  in  two  ways: 

a.  First,  it  will  be  the  first  time  that  the  effect  of  the  ceiling  in  an  enclosure  will  have  been 
calculated  for  a fire  against  a flat  wall. 

b.  Second,  it  will  be  the  first  time  that  the  feedback  effect  of  the  splashing  flames  has  been 
calculated. 


Referring  to  item  b,  even  when  the  effect  of  the  ceiling  has  been  taken  into  consideration,  as 
in  the  work  by  Quintiere  and  by  Thomas  and  Karlsson,  it  has  only  been  the  effect  of  the  hot 
layer  which  has  been  estimated,  as  done  here  in  Section  3. 

As  stated  in  the  Introduction,  the  data  currently  available  from  the  literature  are  insufficient  for 
constructing  an  accurate  algorithm  describing  the  behavior  of  a wall  fire  once  the  flames 
"splash"  against  the  ceiling,  and  then  checking  it.  Some  of  the  information  that  is  needed  is 

a.  The  flow(s)  of  the  thermal  plume  upon  impact  on  the  ceiling. 

b.  The  resulting  morphology  of  the  flames. 

c.  Quantitative  description  of  the  length,  width,  and  thickness  of  the  arms  (flame  extensions) 
which  form  at  the  wall/ceiling  intersections.  Also,  their  dependence  on  various  parameters, 
such  as  the  strength  of  the  fire,  the  height  of  the  ceiling,  the  width  of  the  wall  flame,  etc. 

d.  A similar  description  for  the  part  of  the  flame  which  may  extend  under  (or  along)  the  ceiling. 

e.  The  heating  fluxes  back  to  the  wall  and  ceiling,  from  the  several  flame  extensions  (again  as 
a function  of  the  various  parameters). 

f.  The  spread  rates  of  the  extensions. 
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Fig.  4.  Mass-loss  rates,  NIST  reduced-scale  experiments. 

Fig.  5.  Smoothed  mass-loss  rates,  NIST  reduced-scale  experiments. 

Fig.  6.  Radiative  heat  flux  to  radiometer  mounted  flush  to  upper  back  wall  near  PMMA 
specimen,  NIST  reduced-scale  experiments. 

Fig.  7.  Radiative  heat  flux  to  radiometer  mounted  flush  to  lower  back  wall  near  PMMA 
specimen,  NIST  reduced-scale  experiments. 

Fig.  8.  Total  heat  flux  to  Gardon  heat-flux  gauge  mounted  flush  to  floor  at  center  of  floor, 
NIST  reduced-scale  experiments. 

Fig.  9.  Calculated  effect  of  radiation  enhancement,  due  to  ceiling/layer,  on  mass-loss  rate  of 
PMMA  wall  specimen  compared  with  experiment,  NIST  reduced-scale  experiments. 

Fig.  10.  Temperature  proflles  on  a fire-heated  Marinite  vertical  comer  wall.  A:  with  a Marinite 
ceiling;  B:  with  no  ceiling. 

Fig.  11.  Total  heat  flux  distribution  on  a fire-heated  Marinite  comer  wall.  A:  with  a Marinite 
ceiling;  B:  with  no  ceiling. 

Fig.  12.  Rate  of  heat  release  from  burning  PMMA  slabs,  obtained  by  running  SPREAD  for 
0.61-m  wide,  2.44-m  high  slabs.  NC:  burned  in  the  open.  C:  burned  in  an  ASTM 
room.  The  arrows  indicate  the  moment  at  which  the  pyrolysis  front  was  calculated  to 
reach  the  top  of  the  slab,  for  the  two  cases. 
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Fig.  3.  Experimental  arrangement,  NIST  reduced-scale  experiments  (dimensions  in  mm). 
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Fig.  4.  Mass-loss  rates,  NIST  reduced-scale  experiments. 
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Fig.  5.  Smoothed  mass-loss  rates,  NIST  reduced-scale 
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specimen,  NIST  reduced-scale  experiments. 
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Fig.  7.  Radiative  heat  flux  to  radiometer  mounted  flush  to  lower  back  wall  near  PMMA 
specimen,  NIST  reduced-scale  experiments. 
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Comparisons  of  Experimental  and  Calculated  Mass-Loss  Rates 
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Fig.  9.  Calculated  effect  of  radiation  enhancement,  due  to  ceiling/layer,  on  mass-loss  rate  of 
PMMA  wall  specimen  compared  with  experiment,  NIST  reduced-scale  experiments. 
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Fig.  10.  Temperature  profiles  on  a fire-heated  Marinite  vertical  comer  wall.  A:  with  a Marinite 
ceiling;  B:  with  no  ceiling. 
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Fig.  11.  Total  heat  flux  distribution  on  a flre-heated  Marinite  comer  wall.  A:  with  a Marinite 
ceiling;  B:  with  no  ceiling. 
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Fig.  12.  Rate  of  heat  release  from  burning  PMMA  slabs,  obtained  by  running  SPREAD  for 
0.61-m  wide,  2.44-m  high  slabs.  NC:  burned  in  the  open.  C:  burned  in  an  ASTM 
room.  The  arrows  indicate  the  moment  at  which  the  pyrolysis  front  was  calculated  to 
reach  the  top  of  the  slab,  for  the  two  cases. 
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